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The question of how to proceed toward ever more realistic plasma simulation studies using ever
increasing computing power is addressed. The answer presented here is th@/M8@vel 3D)

project, which has developed a code package with a hierarchy of physics levels that resolve
increasingly complete subsets of phase-spaces and are thus increasingly more realistic. The rationale
for the multilevel physics models is given. Each physics level is described and examples of its
application are given. The existing physics levels are fluid mo@&sconfiguration spagenamely
magnetohydrodynamic (MHD) and two-fluids; and hybrid models, namely
gyrokinetic-energetic-particle/MH®5D energetic particle phase-spacgyrokinetic-particle-ion/
fluid-electron (5D ion phase-spage and full-kinetic-particle-ion/fluid-electron leve{6D ion
phase-spage Resolving electron phase-spacébD or 6D remains a future project.
Phase-space-fluid models are not used in favobfoparticle models. A practical and accurate
nonlinear fluid closure for noncollisional plasmas seems not likely in the near futurel999
American Institute of Physic§S1070-664X99)93005-7

I. INTRODUCTION crease. Most current 3Q@hree dimensionalsimulations are

For the study of magnetized plasmas, as for other scien(':—’lObaII simulations using the MHIDmagnetohydrodynamic

o . model, which assumes collisional plasmas, or turbulence

tific research areas, three complementary tools are available; lati ing the electrostati plasi " h

experiment, analytic theory, and numerical simulation. In reSiMUlAlions using Ihe electrostatic approximation where per-
rbed magnetic fields are neglected.

cent years, as computers become ever more powerful, te X o
importance of numerical simulation is widely being recog- To determine the best strategy for more realistic simula-
nized and promoted. However, how to proceed toward evelions, we note that the key factor that determines the degree
more realistic simulation studies as computing power in-Of realism and also the corresponding computational require-
creases is an important question to be answered. In this p&ents is the phase-space resolved in the simulation. Thus,
per, we present our answer to this question in the context ohultilevel physics codes which resolve increasingly larger
magnetic confinement fusion research. phase-spaces and are thus increasingly more realistic, can be
Simulation of plasmas presents many difficulties. It is abuilt, and higher levels can be added as computing capabili-
numerically stiff problem, since plasma behavior containsties increase. Each existing physics level is also useful, be-
wide ranges of length and time scales, e.g., the resistive timgause lower levels with less phase-space resolved are com-
scales of present day large fusion experiments are on theyutationally more efficient, and more importantly, because
order of seconds, while the ion and electron cyclotron peri‘nigher level results with more complex physics must be com-
ods are on the order of nanoseconds and picoseconds, respggred to lower level results for the delineation of physics and
tively. It is also strongly anisotropic, e.g., heat conductiony, ascertain the basic validity of the higher level results.

along magnetic field lines is more than'@mes larger than Thus, in the M3D(Multilevel 3D) Project! we have

that across field lines. Moreover, velocity space effects, SUCBuiIt a code package which solves a hierarchy of physics

?rz vl\/Je;\r/:ta-cp:)glnrit;?cl:ansresonances, are often important due to "evels with increasing realism. The existing physics levels
these and otﬁer difficulties preclude the possibilit ofWhiCh have been used in applications are fluid mod@(s
P b y configuration spadenamely MHLF and two-fluids® and hy-

simulations including all the relevant physics, at least for the™, o : i
near future. Approximate models are therefore used, an rid models, namely gyrokinetic-energetic-particle/MHD

more and more realistic studies should be performed as cony?D €nergetic particle phase-spac@yrokinetic-particle-

putational capabilities and the understanding of plasmas i,{pn/fluid-'electrgﬁ (5D ion phase-spageand full-kinetic-
particle-ion/fluid-electron levé6D ion phase-spageAt the

«paper K6IL.6 Bull. Am. Phys. Sod3, 1810(1998 present, electrons are described by fluid models only, be-
Tlnvﬁed speaker. ye: ‘ ' cause resolving elef:tron phasg-spéﬁja or 6D) at the Ieyel
dElectronic mail: wpark@pppl.gov of the electron inertial lengttskin depth is not yet feasible
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for most plasma regimes of interest, and remains a futureontinuity equation, and electromagnetic field equations.
project. (Moments higher than the divergence of the heat flux are not
Phase-space-fluid models such as a Vlasov fluid are natetermined, but they usually do not have practical impor-
used in the M3D project in favor off particle models. In  tance) In this sense, the various closure schemes described
high dimensional simulations)f particle models are much below can be interpreted as ways to find an approxirRate
more efficient than phase-space-fluid models. To understand The simplest fluid model, MHD, approximates the
this, let us think about a specific case in which the structurg@lasma as a single collisional conducting fluid, even though
lines up with one coordinate. For an errorafthe required the actual plasma often is collisionless over the time scale of
number of particles scales asdbecause the random noise interest. The pressure becomes a scpland the equation
varies as the inverse square root of the particle number; thier p is closed by the heat flug=0, following the assump-
requisite fluid grid number scales ase/ wheren is the tion of high collision frequency. In spite of these approxima-
dimensionality of the model. This assumes a relatively unitions, the MHD model is often successful in explaining glo-
form mesh for a phase-space-fluid model. With a nonunifornbal phenomena, in large part due to the fact that small
mesh or, more efficiently, with an unstructured mesh, thegyroradius size gives the plasma a collisional fluid-like be-
situation will be better. However, a particle model also hashavior perpendicular to the field lines. However, it fails in
characters similar to the ultimately efficient unstructuredmany situations, such as when parallel dynamics or wave-
mesh. For example, near a trapped-passing boundary, garticle resonances are important.
single particle will describe the correct behavior as long as  More sophisticated fluid models attempt more accurate
the fields in the 3D configuration space are well resolved. Aclosures. Let us write
phase-space-fluid model would require, in addition, a finely _
resolved grid in velocity space. When the perturbation is P=pl+1i(p=p.) +1g. ©
very small, a fullf particle model becomes inefficient be- An approximate closure involving the last term, gyroviscos-
cause the random noise is proportionaf.tdhe 6f method  ity, gives ion drift terms in the two-fluid momentum
solves this problem by making the random noise proporequation:®* The “neoclassical closure” is usually used to
tional to the perturbationdf). (The f method, however, is approximateb-V-II,, which is responsible for bootstrap
inferior to a fullf method whensf~f, so the optimal strat- current and neoclassical tearing mode¥
egy switches back to a fuflscheme when the perturbation Still more accurate would be to time evolyg andp,
grows) separately, as in the double adiabatic thé8r§o recover
In addition to the multilevel physics structure, the M3D collision-time-scale phenomena such as the bootstrap cur-
code has multilevel structures in the mesh schdstric-  rent, collision terms should appear explicitly. A closure
tured and unstructured mesh optipAgyeometry, boundary scheme that includes linear wave-particle resonances uses
conditions, etc., so that it can be applied to a wide range ofhe heat flux in the form ofy(k)) to close the pressure
plasma states. equations?® Since the wave-particle resonance is a nonlocal
The paper is organized as follows. In the next sectionjnteraction, such a nonlocal closure involving a wave vector
the rationale is given for the actual multilevel physics mod-can be expected. Such a nonlocal closure is difficult, but
els, and in Sec. lll, each physics model is described angossible to implement in an electromagnetic simulation via
examples of its application are given. Section IV gives briefspectral analysis along field lines. However, a nonlinear clo-
remarks on topics, such as unstructured mesh, parallelizaure which correctly gives nonlinear wave-particle interac-
tion, and future plans. The final section gives the summarytions would be exceedingly difficult, if not impossible to
implement, e.g., a formal closure scheme can use the heat
II. RATIONALE FOR MULTILEVEL PHYSICS MODELS flux in the form ofq(k ,).1® As can be expected, it is also
temporally nonlocal, making implementation impractical.
There are other effortsfor better nonlinear closures and any
af) improvement on nonlinear closure would be an important
C

From the kinetic equation,

of of F of
—+V'—+—'_:
at X m ov

ot 1) progress. However, we must conclude at this point that the
possibility of a practical and accurate nonlinear closure in the
velocity moments are taken to produce fluid equations. Th@ear future is not good. This necessitates the next physics
main advantage of a fluid model is its lower dimensionality.|evel, particle/fluid hybrid modelgPhase-space-fluid models
However, the difficult question of closure remains for plas-are not considered for the reasons given in the Introdugtion.

mas with low collision frequency. The simplest particle/fluid hybrid model is the
To gain some insight, let us look at tiexacttotal mo-  gyrokinetic-energetic-particle/MHD hybrid scheth&Vhen
mentum equation, small numbers of energetic particles, such as fusion alphas,
" are present, their density can be neglected, while their ther-
s —V-P+JXB. (2) mal content can be included through the pressure tahsor

In this scheme, the energetic particles are represented by
If we assume that the exact pressure teRsoould be given, particles following the gyrokinetic equatioh$,and their
essentially all the relevant information is given by this mo-pressureP;, is coupled to Eq(2) by P=p+P,,, wherep is
mentum equation together with the electron momentunthe bulk plasma scalar pressure. This scheme can be called a
equation P.=0 and =0 are assumed for this discussipn particle closure, and correctly gives nonlinear wave-particle
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interactions for energetic particles. Since gyrokinetic equa-
tions are used, the largest phase-space resolved is the 5
energetic particle phase-space. An alternate scheme couple
to Eq. (2), using the energetic particle current instead of the
pressure, calculated from the particle component, and i
called “current coupling” scheme in contrast to “pressure
coupling” given above.

The next physics level is the gyrokinetic-particle-ion/
fluid-electron model, where the bulk ions are also repre-
sented by gyrokinetic particlédt couples to Eq(2) through
both the pressurB and the density calculated from the ion FIG. 1. Pressure contours during a highdisruption for a reversed shear
particles. The computational requirement to resolve the 5[plasma._NonIinear development of a ballgoning mode prodyces pressure
on phase-space is comparable to the case of the 5D energeffPeNg 1 e Jorma hear resion i 2 sty wich oo ke
particle phase-space, because the bulk ion phase-spaceyiiy and a thermal quench.
smaller, but finer resolution is required. This level also has a
current coupling scheme in addition to the pressure coupling
scheme.

The next physics level is the full-kinetic-ion/fluid- pﬂ: —Vp+(VXB)XB+ uV2y, (5)
electron model, where the full 6D ion phase-space is re- dt
solved. This scheme had been known for many years, and ap
had been used for space plasmas and FR€ld Reversed i =V-pv, (6)

Configuration experiments where .~ wa, often with re-
duced configurational space dimensions. Even with present 4T

day computational capabilities, full 6D studies in aa; STV VT (y=DTV.v+ Kk, V2T, (7
> wp regime are difficult, and we are currently applying this N )
level to FRC studies. Additional wave equations for the temperature are used to

Considering the fact that most previous global nonlineafépresent the fast thermal equilibration along field littes,
simulations are done using the MHD model, it would be ;7 ¢
useful to have the concept of extended-MHD or XMHD, Fra ;B-Vu, (8)
which can denote collectively the physics models which will
most likely be used in the present to near future time scale. 4du

. — 2
In a narrow sense, as used above, MHD means a single E—SB'VT_VV u. ©)
magneto-fluid model with collisional closure. In a broader . o ;
sense, MHD(magnetohydrodynamitss sometimes used to The wave speed, a constamtimes B/p™* (the Alfven

denote a general megneto-fluid model, such as our two-flui§P€ed, represents the free streaming velocity of electrons
model with an approximate nonlocal closure. XMHD then (When electron temperature is more imporjasith a dissi-
naturally denote a model which uses a megneto-fluid moddpation v. The therm:‘:}I energypTdI msmie a2flux tube is

at least as a component of the whole model, such as ofonserved, and the “wave energyz] (pT*+u%)dr is also
hybrid models described above. Of course, an XMHD modefonserved except for the dissipation due-tdhe asymptotic
should be realistic enough to include the three MHD wavesState satisfie®-VT=0. In this MHD level, the ambipolar
The models listed in the next section, which are all XMHD electric field effect on electron temperature is neglected, and
models, neglect some electron physics such as the nonline&fs: (8) and(9) are valid on a time scale long compared to
electron wave-particle interactions. Including these by rethe electron-electron collision time. This wave representation
solving electron phase-spateither 5D or 6D at the level of of thermal equilibration along the field line is, for most ex-

the electron inertial length is not yet feasible for most plasma€riments with small collision frequency, physically at least
regimes of interest, and remains a future project. as accurate as the usual dissipative representation and is

more accurate in numerical implementation.
The MHD applications include studies of the highdis-
11l. MULTILEVEL PHYSICS MODELS ruption; in normal shedrand in reversed shear cakes

) o o _ (shown in Fig. }, and double tearing sawteeth.
This section lists each of the presently existing multi-

level physics models of the M3D project, and describes some

examples of its application. B. Two-fluid model

A. MHD model The two-fluid equations are obtained by generalizing the
The dissipative MHD equationéin rationalized emu perturbative drift ordering to arbitrary perturbation size.

units) are used They are closely related, although not identical, to the colli-

sional Braginskii equations. The model was chosen, in part,
to transform smoothly into the resistive MHD equations in

B
gt VX (vXBo gV xB), ®  the limit of vanishing gyroradii,
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The drift ordering* assumes fluid velocities and growth
rates small compared to the thermal velocity scales of the

MHD ordering,v/v,~ 8, dldt~ v, /L, and w/ wei~p; /L
~ &, where ¢ is a characteristic small paramete,, is the

ion thermal speedlL a characteristic equilibrium scale

length, w a typical frequencyw.; the ion cyclotron fre-

qguency, andp; the ion gyroradius. The ordering introduces

the diamagnetic velocities

V,;=BXVp;/(qjn;B?), (10)

V,1j=BXVT;/(q;B?), (11)
for j=e, i, whereq; is the particle charge.

The fluid velocities can be written exactly as

Vi=V+vg, (12

Ve=V+V, —Jj/ene, 13

V=V, +Vj|, (14

wherev, is the perpendicular guiding center velocity of the
electrons and ions, neglecting magnetic drifts. The general

ized “diamagnetic” partvy; of the ion fluid velocity perpen-
dicular to the magnetic field is defined to be

Ji

Vai=—— 1t Ve, (15)

wherev,, is given by Eq.(10) with j=e.
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FIG. 2. Profiles with steady state, bootstrap current driven neoclassical mag-
netic islands. The left figure shows that the perpendicular flow of ion fluid
vanishes except near the island region, as expected iV #i#s0 case. The
islands (shown here as flat electron pressure regionstate with
=0.3w} in the lab frame, and=0.7w»} in the guiding center frame. With-

out the neoclassical effects, the islands are fixed in the guiding center frame.

ity, ne=n;=n, is assumed. Heng;=nT,, pis the total pres-
gure. They;'s are the ratios of the specific heats. Although
written above in a dissipative form, for convenience, the ef-
fect of largex; is actually modeled using a wave represen-
tation similar to the one described for MHD.

Figure 2 shows an example which studies the rotation of
bootstrap current driven neoclassical magnetic islands.

In rationalized emu units, the essential features of our

two-fluid model can be summarized as

av JXB Vp
E‘F(V'V)V: _(Vdi'V)VL‘F —_—

nm nm
J— . . . 2
nmiBB V-I+ uVay, (16)
E+vXB= J_m_iBVH (17)
K en neB e’
0B
=~ VXE, J=VxB, 0=V:B, (18)

%-FV--V =—vyipiV-vi+V-nk,;V &
ot i VPi= —7ibi i KiiVvy n

+V. nK”iVH

P ey, 19

ap p
a_te""ve'Vpe: - ')’epeV'Ve""V'nKLeVL(Fe)

+V. nKHeV”

p
Fe) — eV (PeVi 1)

(20

an
—+Ve-Vn=—nV.v,.

e (21

The neoclassical parallel viscosity terms involvibly and
II, are approximated using the usual

C. Gyrokinetic-energetic-particle/MHD hybrid model

To model the nonlinear interaction of energetic particles
with MHD waves, a hybrid particle/MHD model has been
developed. A small energetic to bulk ion density ratio was
assumed, such that the energetic ion perpendicular inertia in
the momentum equation can be neglected. The plasma is
divided into two parts: the bulk plasma, which contains the
thermal electrons and ions, and the energetic hot ions. The
bulk plasma is described by the ideal MHD equations,
whereas the hot ions are described by the gyrokinetic
equations® The particle part can be coupled to the bulk
plasma part through one of two almost equivalent, accurate
coupling schemes, pressure coupling or current coupling. In
the pressure coupling scheme, the hot particle pressure tensor
Py, is coupled to the bulk plasma momentum equation,

dVb
Pogp =~ VPo— (V-Pp) +IXB.

(22)

In the current coupling scheme, the hot particle current den-
sity J,, and charge density;, are coupled to the bulk plasma
momentum equation

dv
pbd_tb: —Vpb+(V>< B—Jh)X B+ thbX B,

(23)
where the subscrigi denotes the bulk part and the subscript

h denotes the hot ion component. The last term of 8)

can be thought of as the subtraction of theB force on the
electrons whose density is the same as the hot particles. This
term cannot be neglected becauseEheB drift can be com-

neoclassicaparable to the perturbation of the magnetic drift of the hot

closure!?*®The electron mass is neglected and quasineutralparticles.
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1. Pressure coupling scheme

In the pressure coupling schefhéhe ion fluid velocity
is calculated by solving the momentum equation, and the
calculated ion fluid velocity is used in the Ohm’s law.
Quasineutrality is assumed,

d(piV;
(12.t '):—Vpe—VPiCGL—V'Hgi“LJXB (24)
dBldgt=—V XE, @9

FIG. 3. The left figure shows the stream lines of the incompressible part of
the velocity in a nonlinearly saturated TAE mode. The saturation mecha-
nism is found to be wave-particle trapping. The right figure shows the satu- E=—V XB——Vp,— ——
ration amplitude as a function of the growth rate, and agreement with the ene neB
analytic prediction.

B-V-Il,. (26)

Here the ion pressure is taken to be in C@Chew,
Goldberger, Lowe form and the gyroviscosity part of the
) ) stress tensor is calculated in order to take into account the
Equations(22) or (23), together with the other MHD  giamagnetic effects. The ion pressure is calculated from the
equations, form the MHD part which is advanced in timegyrokinetic particles, whereas the gyroviscosity tendhy,

using particle quantities given by the particle part. The newg gijther calculated from the particles as shown below, or
E andB are in turn used by the particle part to advance th&rom a fluid closure similar to Refs. 10 and 11.

particle quantities in time. The model is fully self-consistent,  The gyroviscosity terms appear naturally in the gyroki-

including nonlinear wave-particle resonances and other hifetic description, when the transformation from the gyro-
particle interactions with MHD waves, and the nonlinearcenter to particle coordinates is made in the pressure integral;

MHD mode coupling. _ o ~ however, this approach requires that the ion gyroradius be
The ions are pushed using the guiding center equationgsolved in the simulations. In order to include the diamag-
of motion netic effects in the drift-kinetic formulation, a small ion gy-
o1 ~ roradius expansion can be made in the pressure tensor inte-
X=g[B*U+bX(nVB-E)], gral, which gives the expression for the gyroviscosity stress
tensor in terms of the gyrofluid momersith m=e=1),
. 1 e . R o
U=-gB" | nVB-— E>, n=0, PFe=||u?|bb+ | wBJ|(1-bb), 27)
where (X,U,u,0) are gyrocenter coordinates, aif =B V - Igi=bX V(V|xU)+V_ (V| u?)/4—3x, /2

+(m/e)Ubx (b-Vb). The equilibrium distribution func-
tion, Fo=Fo(py.u,€), is a function of the integrals of mo-
tion: p¢:Rfi>~A* =ey+mURND, (toroidal angular momen- +V-(nVgVp), (28
tum) and e= uB+muU?/2.

When perturbation amplitudes are small, such as in gvhere
linear run, thesf method is used to reduce particle noise.

+nV,i-Ve)+ V (V2 U2u]/2B— x)— x.)

P~

This hybrid scheme has been used by several groups to  x. ()= — LT(H)b-VXVE, [*lI=5(*)Fi d, (29)
study torodal Alfrereigenmode$TAE) modes, fishbone os-
cillations, and space plasmas. Some earlier examples are: Fi=F(X,U,m1), b=B/B. (30)

Ref. 5 using the pressure coupling scheme, Refs. 22 and 23

using the current coupling scheme, and Ref. 24 using thdhe above expressions were obtained by performing the
pressure coupling scheme with the reduced MHD equationgransformation from particle variables to guiding-center co-
Figure 3 shows the nonlinear saturation of nonoverlappingrdinates in the stress tensor integral and then expressing the
TAE modes The saturation mechanism was found to beguiding-center distribution function in terms of the gyro-
particle trapping in nonlinear waves. Thus, for this study, acenter distribution functior. After gyroaveraging, a small
fluid model with linear Landau closure would not have been(k, p) expansion was made, using the ordering

sufficient.

D. Gyrokinetic-particle-ion/fluid-electron hybrid model Here PCCL is the zero orderin &) part of the ion stress

To include ion particle-wave resonances, ion gyroviscostensorP and gyroviscosity tensadly is defined here to in-
ity, and neoclassical effects more self-consistently, the bulklude FLR corrections t® [up to O(kfpz)] plus the inertial
ion phase-space can be resolved using gyrokinetic particterm: Il;=P— PCCL. The diagonal corrections, which repre-
ions. As in the previous level, both pressure and current cousent the difference between the gyrofluid moments and the
pling schemes are presented. particle-fluid moments are also taken into accountilig.



Phys. Plasmas, Vol. 6, No. 5, May 1999 Park et al. 1801

The gyroviscosity part of the stress tensor was derived as- o5 ——  ——

suming an electrostatic perturbation and a uniform back- 0.04 £ (a) o E

ground magnetic field. .. 0.03 3 . E
0.02 | . ° 3

2. Current coupling scheme 0.01 A . E

(This scheme is not yet implemented in the codehe 0 bt e

current coupling scherfi@at this level is structurally similar 0.08

to the full-kinetic-particle-ion/fluid-electron hybrid level Tt ®) ' ' ]

given in the next section. The main difference, in addition to 0.06 o .

the fact that the particles are followed using the gyrokinetic 8 004 L ® o 1

equation instead of the basic equation of motion, is that the

ion polarization current has to be added explicitly to the ion 0.02 ]

current of gyrokinetic particles to find the total ion current, OA @ 1 o v v

Eq. (34). (This explicit addition would become unnecessary, 0 ! 2 Bh(°/°)3 4

if a gyrokinetic formalism can be found through which the
ion polarization current can be obtained with enough numerirIG. 4. (a) Growth rates, andb) rotation frequencies om=1 internal
cal accuracy.From the total ion current and total curreht modes at varioug;, values of the fusion alphas, obtained from MHIdi-
—VXxB. electron current and velocity are found qu) angles, from the gyrokinetic-energetic-particle/MHD hybrid modsblid

! . . 4 ! ’ circles, and from the gyrokinetic-particle-ion/fluid-electron hybrid model
The electron velocity, together with the electron momentumgpen circles
equation and the electromagnetic field equations, determine
the electromagnetic fields at the next time step. These fields . )
in turn are used to advance the gyrokinetic particle ions. « near the trapped alpha particle precession frequency,

og hrap- OPEN circles are obtained from the gyrokinetic-

Ve=—1(J—J), J=VXB, (31) pa_rtlcle-lon/flu!d—electron hybrid model aqd show that Whep
ne fluid thermal ions are replaced by particles, the mode is
slightly stabilized. This is because the passing thermal ions

E=—v,XB— ine— B.-V-II,, (32) can .rfagonate. with ;[che mOdavtr,th,passfvw and the effect is
ne neB stabilizing, sincew;,<w. The rotation frequency of the
mode increases slightly with thermal ion particles. Figure 5
— =—VXE, (33 shows the profiles of the case corresponding to the open
at circles in Fig. 4.
Ji:JGK+Jp, (34) . . . . . .
E. Full-kinetic-particle-ion/fluid-electron hybrid model
n dE . L .
Jo= —, (35) The basic scheme is similar to, but simpler than, the
wciB dt current coupling scheme of the previous level. Now the total
ion current can be calculated directly from particles follow-
TR AL (36)  ing the basic equation of motion.

Both the current coupling and the pressure coupling schemes %
give, as expected, the following dispersion equation in the dt
limit of small k, p; and low 8 in a slab:

[a)(w—wi*)—kﬁvi][w(w—wi*)—kzvi

= & (v, B) + [collisions, 8

, . rapped Fusion Alphas
_2kLTi (w—wi )FOi

neMm; w— k”U

dudu] = (0qo})2. 37)

3. Application u

Figure 4 shows a study in which three different levels of
M3D multilevel physics models were used. Growth rat®s :
and rotation frequencieg®) of m=1 internal modes at vari- Thermal ions
ous By, values of fusion alphas are shown. Triangles are ob- ~ 0
tained from MHD, and show that whes, =0, the system is
unstable to then=1 mode. Solid circles are obtained from FIG. 5. The profiles of the case corresponding to the open circles in Fig. 4.
the gyrokinetic-energetic-particle/MHD hybrid model, and The magnetic moment versusv plot on the left shows the trapped part of

show that asg,, is increased, then=1 mode is first stabi- the slowing down fusion alphas, and thermal ion particles with a tempera-
h ! ture 0.01 times the alpha temperature. A quarter million particles each are

|i.Z€d, but at _higherﬂhz a new al.l.pha pgrticle d_riven mode, used to represent the alphas and thermal ions. The figure on the right shows
fishbone oscillations, is destabilized with rotation frequencythe stream lines of the incompressible part of the mass flow.
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To deal with the complex structure of our project, two
approaches are used) to combine as many options as pos-
sible into one code using object oriented modular desi@jn,
when such a combination takes too much overhead, to main-
tain a separate code, keeping full interchangeability of the
restart files. For the object oriented design; € is used for
the shell structure, while Fortran 77 and F90 are used for the
core part for efficiency.

A coarse grain parallelization has been done on a shared-
memory 64 processor Origin2000, using OpenMP, and good
scalability was obtainetf For massively parallel, distributed
memory computers, a scalable and efficient iterative matrix
solver is being implemented.

Our near term plan on the physics side is to make exist-
ing physics levels more complete by adding the physics
FIG. 6. Density cont_ours showing an inboard—sid_e injected peIIeF. The pelleiyhich is included in the models described before but not yet
gﬁ(r)lv[\jl)r?r:;i‘ntrflhtg ?Igﬁf into the plasma, accompanying a reconnection procesjﬁfplemented. Most Of the reIeva}nt io.n thSiCS iS alreqdy

included, except for collisions, which will be implemented in
the near term. For the electron physics, inertia, double adia-

1 batic type equations for parallel and perpendicular electron
Ve=—(J,—J), J=VXB, (39 pressures with collision terms, and linear Landau damping

ne will be implemented in the near term. In the longer term, the
~ electron phase-space, first in 5D, should be resolved using
——B-V-I,, (40) gyrokinetic particles(When gyrokinetic particles are imple-

E=—-Vv,XB— ine—
ne neB mented, drift-kinetic particles are also implemented utilizing
the subset. Even with drift-kinetic particles, resolving toka-
—=—-VXE. (41 mak plasmas at the level of the electron inertial length is not

at feasible for the near future, so 5D resolution of electron

This scheme has been known for many years, and has beghase-space would be applied to other stugi€se whole

used for space plasmas and FRC experiments whgre project is difficult and long term, but fortunately, each step

~wy, Often with reduced configurational space dimensionson the way is useful by itself. Obtaining physics results from

Even with present day computational capabilities, the full 6Dthe existing code is the most important aspect and should

studies in thew ;> w, regime are difficult, and we are cur- intensify as our codes mature and computational resources

rently applying this level to FRC studies. increase. Another important aspect is to make the code more
user friendly.

IV. SPATIAL REPRESENTATION AND OTHER TOPICS

S . V. SUMMARY
Due to a limitation on the length of the paper, this paper

concentrates on physics models, and only briefly covers The question of how to proceed toward ever more real-
other critical topics, such as spatial representation, computastic plasma simulation studies using ever increasing comput-
tional issues like parallelization, and future work plans. ing power is addressed. One answer is the MBMiltilevel

In addition to realistic physics models, a realistic simu-3D) project, which has developed a code package with a
lation requires resolution of multiscale spatial structureshierarchy of physics levels that resolve increasingly com-
such as reconnection layers, and a realistic representation pfete subsets of phase-spaces and are thus increasingly more
geometric effects and machine hardware such as the resistivealistic. Each existing physics level is also useful, because
wall. For an efficient representation of these effects, a finitdower physics levels with less phase-space resolved are com-
element unstructured mesh option is available for MHD ancputationally more efficient; and, more importantly, because
two-fluid levels, and is expected to be extended to othehigher level results with more complex physics must be com-
levels® This version has been applied to study pellet injec-pared to lower level results for the delineation of physics and
tion, disruptions interacting with a resistive wall, and run-to ascertain the basic validity of the higher level results.
away electron generatidfi. Figure 6 shows an inboard- The rationale for the multilevel physics models is given.
injected-pellet simulation. Inboard injection is found to be Each physics model is described and examples of its appli-
more favorable than outboard injection, in agreement withcation are given. The existing physics models are fluid mod-
recent Axisymmetric Divertor Experiment(ASDEX) els (3D configuration spage namely MHD and two-fluids;
results?” The pellet can penetrate deep into the plasma, acand hybrid models, namely gyrokinetic-energetic-particle/
companying a reconnection process. This effect could bMHD (5D energetic particle phase-spacegyrokinetic-
used for deep fueling of large tokamaks like Internationalparticle-ion/fluid-electron(5D ion phase-spage and full-
Thermonuclear Experimental React6FER), where a pellet  kinetic-particle-ion/fluid-electron levéBD ion phase-spage
is expected to ablate near the surface. An unstructured mesh option is also available for efficient
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representations of geometric effects. The examples of simu-(1998, available from the National Technical Information Service, U.S.
lation studies given here are high.disruptionS, bootstrap Department of Commerce, 5285 Port Royal Road, Springfield, Virginia
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. . . f finement(Addison—Wesley, Redwood City, CA, 1992
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